Axin and p53 are tumor suppressors, controlling cell growth, apoptosis, and development. We show that Axin interacts with homeodomain-interacting protein kinase-2 (HIPK2), which is linked to UV-induced p53-dependent apoptosis by interacting with, and phosphorylating Ser 46 of, p53. In addition to association with p53 via HIPK2, Axin contains a separate domain that directly interacts with p53 at their physiological concentrations. Axin stimulates p53-dependent reporter transcription in 293 cells, but not in 293T, H1299, or SaOS-2 cells that are defective in p53 signaling. Axin, but not AxinDHIPK2, activates HIPK2-mediated p53 phosphorylation at Ser 46, facilitating p53-dependent transcriptional activity and apoptosis. Specific knockdown of Axin by siRNA reduced UV-induced Ser-46 phosphorylation and apoptosis. Kinase-dead HIPK2 reduced Axin-induced p53-dependent transcriptional activity, indicating that Axin stimulates p53 function through HIPK2 kinase activity. Interestingly, HIPK2DAxin that lacks its Axin-binding region acts as a dominant-positive form in p53 activation, suggesting that the Axin-binding region of HIPK2 is a putative autoinhibitory domain. These results show that Axin acts as a tumor suppressor by facilitating p53 function through integration of multiple factors.
Introduction
Axin was initially identified as a negative regulator of axis formation, deficiency of which causes axial duplication as seen in genetically transmitted Fused mice . Molecular analysis has revealed that Axin is a master scaffold for the regulation of the cellular levels of b-catenin, a protein believed to be a common denominator of Wnt signaling (Cadigan and Nusse, 1997; Kikuchi, 1999; Peifer and Polakis, 2000) . We have previously delineated a signaling pathway in which Axin interacts with MEKK1/4 and activates JNK via MKK4/7 (Zhang et al, 1999; Luo et al, 2003) . A peculiar feature of the Axin/JNK pathway is that Axin requires multiple domains/factors for JNK activation. In the course of identifying molecules that may account for the requirement of the C-terminal region of Axin in JNK activation, we carried out a yeast two-hybrid screen and found that Axin interacted with homeodomain-interacting protein kinase-2 (HIPK2) that had been previously shown to phosphorylate p53 at Ser 46 and enhanced p53-dependent transcriptional activity as well as apoptosis (D'Orazi et al, 2002; Hofmann et al, 2002) .
The p53 tumor suppressor protein is a potent inhibitor of cell growth, capable of arresting the cell cycle at several points and, under some circumstances, can participate in DNA repair after genotoxic insult, and can activate the apoptotic machinery leading to cell death (Gottlieb and Oren, 1996; Ko and Prives, 1996; Levine, 1997; Sharpless and DePinho, 2002; Attardi and DePinho, 2004) . The p53 gene is frequently altered in human cancers (Greenblatt et al, 1994) . In addition, apoptosis has recently been suggested to be a major contribution to p53-mediated suppression of tumor formation (Attardi and DePinho, 2004) . Besides the well-established roles in tumor suppression, a remarkable recent finding has revealed an unexpected developmental role for p53 in that it promotes mesoderm differentiation (Cordenonsi et al, 2003; Takebayashi-Suzuki et al, 2003) . Key TGF-b signaling events depend on functional p53, including the full transcriptional activation of the CDK inhibitor p21 waf1 . The p53 and Smad proteins physically interact and synergistically activate TGF-b-induced target genes (Cordenonsi et al, 2003) . Under normal conditions, p53 is short lived due to degradation upon ubiquitination by Mdm2, a ubiquitin E3 ligase (Michael and Oren, 2003; Vargas et al, 2003) . In response to environmental stress, and perhaps developmental cues, it also undergoes a variety of other post-translational modifications including phosphorylation and acetylation (Prives and Manley, 2001; Brooks and Gu, 2003; Xu, 2003) . Stress-induced phosphorylation of two critical residues on p53, Ser 15 and Ser 20, results in stabilization and activation of p53 (Chehab et al, 1999; Dumaz and Meek, 1999) . In addition to Ser 15 and Ser 20, Ser 46 has been recently shown to be critical for p53 stability regulation (D'Orazi et al, 2002; Hofmann et al, 2002) . Phosphorylation of Ser 46 on p53 is mediated by HIPK2, which is activated by ultraviolet radiation (D'Orazi et al, 2002; Hofmann et al, 2002) . The HIPK2-mediated phosphorylation of p53 facilitates CBP-mediated acetylation of p53, increasing the transcriptional activity of p53 and enhancing UV-induced apoptosis (D'Orazi et al, 2002; Hofmann et al, 2002) . Furthermore, HIPK2 was also shown to downregulate the cellular levels of the transcriptional corepressor CtBP, suggesting that HIPK2 promotes apoptosis by elevating expression of multiple target genes (Zhang et al, 2003) .
Here we show that Axin forms a ternary complex with HIPK2 that is bound to p53. In addition, Axin possesses a separate domain that directly interacts with the endogenous p53. Axin stimulates the transcriptional activity of p53 selectively toward some of the p53 target genes, and induces p53-dependent cell death through facilitating HIPK2 phosphorylation of Ser 46. Specific siRNA against Axin reduced UV-induced apoptosis, phosphorylation of p53 at Ser 46, and blocked HIPK2 stimulation of p53-dependent reporter activity. Deletion of the Axin-interacting domain of HIPK2 (HIPK2DAxin) failed to diminish Axin-induced p53-dependent transcriptional activities, but rather stimulated p53 transactivation even more dramatically than wild-type HIPK2, suggesting that Axin stimulates HIPK2 by removing an autoinhibitory domain of HIPK2. Taken together, we have found that Axin has an integrating role in the activation of p53-dependent transcription and apoptosis, underscoring its proapoptotic function as a tumor suppressor.
Results

Axin forms a ternary complex with HIPK2 and p53 in vivo and in vitro
In the course of yeast two-hybrid screen using the Axin C-terminal region as bait, we identified multiple clones from a fetal mouse brain cDNA library (Rui et al, 2002) , one of which was unexpectedly found to encode HIPK2. HIPK2 was previously shown to interact with p53. To test for the specificity of the yeast two-hybrid interaction in mammalian cells between HIPK2 and Axin, and whether they form a ternary complex with p53, we carried out coimmunoprecipitation of Axin, HIPK2, and p53 in untransfected 293T cells with anti-Axin (for specificity, see Supplementary Figure 1 ), anti-HIPK2, and the anti-p53 antibody DO-1, respectively ( Figure 1A ). Western blotting analysis showed that the Axin immunoprecipitate contained p53, and that Axin could be detected in the p53 immunoprecipitate ( Figure 1A , left panel). For analysis of HIPK2 interaction with Axin and p53, we carried out immunoprecipitation with the anti-HIPK2 antibody and then detected the copresence of Axin and p53 in its immunoprecipitate ( Figure 1A , right panel). Co-immunoprecipitation of Axin and p53 with HIPK2 at their endogenous concentrations was also detected in 293 cells (Supplementary Figure 2) . Next, we performed an in vitro GST pulldown assay. GST-fused Axin, but not GST alone, could pull down HA-p53 overexpressed in H1299 cells; likewise, Axin was detected in GST-p53 pulldown, indicating that Axin interacts directly with p53 ( Figure 1B ). To further examine whether Axin, p53, and HIPK2 could form a ternary complex, we performed a two-step co-immunoprecipitation assay ( Figure 1C ). HEK 293T cells were transfected with HA-HIPK2 and Myc-Axin. As a control, HIPK2 with no tag was transfected. In the first step of immunoprecipitation, anti-HA was used to pull down HIPK2, and 3 Â HA-tag peptide was used to elute the complex. The eluate was then immunoprecipitated with anti-Axin or control IgG, followed by Western blotting to detect p53. As shown in Figure 1C , p53 was present in the final immunoprecipitate but not in the control sample, indicating that Axin, p53, and HIPK2 are in a ternary complex. Since p53 is a nuclear protein and Axin can be visualized as a nuclear protein only after leptomycin B treatment, we carried out immunofluorescent staining of HeLa cells transfected with Axin and p53 or HIPK2 in the presence of leptomycin B. Indeed, Axin is partially colocalized in the nucleus with p53 and HIPK2 (Supplementary Figure 3A and B). We also examined if UV treatment could induce Axin to translocate into the nucleus and colocalize with p53 or HIPK2. As shown in Supplementary Figure 3C and D, some portion of Axin was translocated into the nucleus upon UV treatment, and overlapped with p53 and HIPK2. Finally, to analyze if HIPK2 and p53 could form a complex with monomeric Axin, we transfected 293T cells with HIPK2, and AxinDC250, which lacks the DIX domain and is defective in dimer formation. As shown in Figure 1D , both HIPK2 and p53 were readily co-immunoprecipitated with AxinDC250 as well as full-length Axin ( Figure 1D ). Reciprocally, Axin proteins could be detected in HIPK2 and p53 immunoprecipitates ( Figure 1E and F).
Determination of mutual interaction regions in Axin, HIPK2, and p53
To characterize the functional significance of the ternary protein-protein interactions, we first determined their mutual interaction domains. Expression vectors containing different deletions were constructed for Axin, HIPK2, and p53, as indicated schematically (Figures 2 and 3) . When Myc-Axin alone was transfected, the anti-HA for HIPK2 did not coprecipitate Myc-Axin (Figure 2A , first lane); however, when cotransfected with HA-HIPK2, the full-length Axin was strongly co-immunoprecipitated with HIPK2. Axin deletion mutants N2, C1, and M1 retained their ability to form a complex with HIPK2, albeit with lower affinity compared to the full-length Axin. However, Axin deletion mutants C2, C3, M2, and M3 lost their ability to interact with HIPK2, indicating that the region around aa 678-753 in Axin is critical for HIPK2 interaction.
We then cotransfected different deletion mutants of HIPK2 with the full-length Axin to 293T cells to determine the domain of HIPK2 for Axin interaction. As shown in Figure 2B , all the HIPK2 mutants, with the exception of MD1 and ND4, interacted with Axin, indicating that the region spanning aa 935-1050 of HIPK2 is critical for Axin interaction. However, the weak interaction of ND3 or CD1 with Axin suggests that this region of HIPK2 may not be sufficient for maximal interaction for Axin.
Axin contains an additional domain for direct interaction with p53
We went further to test the ability of different deletion mutants of Axin to form a ternary complex with HIPK2 and p53. Different deletion constructs of Axin were transiently transfected into 293T cells; DO-1 antibody was used to immunoprecipitate the endogenous p53. Unexpectedly, Axin C2, C3, C4, and M7, which all lack the HIPK2 interaction domain, readily co-immunoprecipitated with the endogenous p53 ( Figure 3A ). We suspected that there existed a separate domain around the MEKK1 interaction region that is responsible for the strong p53 interaction. Indeed, when the region of aa 209-338 in Axin was deleted (Axin-M4), only a minute amount of p53 was detected with the mutant Axin even after prolonged exposure ( Figure 3A and Supplementary Figure 4) ; when both the region of aa 209-338 and the HIPK2-binding region (aa 678-753) were deleted (Axin-M9), the mutant Axin completely lost the ability to interact with p53 ( Figure 3A) . These results indicate that the region of aa 209-338 in Axin directly interacts with p53, and that the residual amount of p53 detected with Axin-M4 is through the endogenous HIPK2.
Furthermore, we generated different deletion mutants of p53 and carried out complex formation assays to determine which region of p53 is required for direct interaction with Axin. The results showed that the carboxyl half of the DNAbinding domain (DBD) of p53 is responsible for direct interaction with Axin ( Figure 3B ).
Axin activates p53-dependent transcriptional activity
Recent studies have shown that HIPK2 stimulates p53-dependent transcription of target genes that are important for induction of apoptosis (D'Orazi et al, 2002; Hofmann et al, 2002) . To ascertain functional significance of the Axin/HIPK2/p53 ternary complex formation, we first tested if Axin could modulate p53-dependent gene transcription using the PathDetect p53 cis-Reporting System (Stratagene) that carries the p53-specific enhancer element (TGCCTGGACTTGCCTGG) 14 derived from the sequence comparison of promoters of p53-inducible genes (el-Deiry et al, 1992; Tokino et al, 1994) and luciferase reporters separately Figure 1 Interaction of Axin with HIPK2 and p53 in vivo and in vitro. (A) Axin and p53 in untransfected 293T cells were separately immunoprecipitated with rabbit anti-Axin that was raised against aa 348-500 of mouse Axin and anti-p53 antibody DO-1, respectively (left panel). The control IgG used was from rabbit. Detection of Axin and p53 in the immunoprecipitates and total cell lysates (TCL) was carried out using anti-Axin and DO-1 antibodies. For analysis of HIPK2 interaction with Axin and p53, we carried out immunoprecipitation with goat anti-HIPK2 antibody or control goat IgG and detected copresence of Axin and p53 in its immunoprecipitate (right panel). (B) GST pulldown assay to evaluate Axin interaction with p53 in vitro. The ability of GST-p53 to retain Axin present in the cell lysate from H1299 cells transfected with pCMV-HA-Axin was analyzed by Western blotting with anti-HA following SDS-PAGE (top panel). Bottom: The ability of GST-Axin to pull down HA-p53 in the cell lysate. In either case, GST alone did not interact with p53 or Axin. Input represents 1/4 of that used for GST pulldown. (C) Twostep co-immunoprecipitation of the complex containing Axin, HIPK2, and p53. The procedures of the two-step co-immunoprecipitation are outlined in the box on the left, according to Harada et al (2003) . HEK 293T cells were transfected with plasmids expressing Myc-Axin and HA-HIPK2 (or untagged HIPK2 as control). The first immunoprecipitation was performed using anti-HA and Protein A/G-agarose beads. The complex was eluted with 3 Â HA-tag, followed by the second step of co-immunoprecipitation with antiAxin or control IgG. Protein samples from each step were analyzed by Western blotting separately with anti-Axin, anti-HIPK2, and antip53 (DO-1). (D-F) HIPK2 and p53 form a complex on the monomeric Axin. AxinDC250, which lacks the DIX domain and cannot form homodimer, was used in this experiment. (D) HA-Axin and Myc-HIPK2 were transfected into HEK 293T cells and immunoprecipitation was performed with anti-HA antibody. HIPK2 and endogenous p53 were detected in the Axin immunoprecipitate by Western blotting with anti-Myc and DO-1 (anti-p53) antibody, respectively. Protein levels of Axin, HIPK2, and p53 in the total cell lysates (TCL) were determined by anti-HA, anti-Myc, and DO-1, respectively (on the right). (E) Axin and p53 are copresent in HIPK2 immunoprecipitates. HA-HIPK2 and Myc-Axin were cotransfected into HEK 293T cells and HIPK2 was immunoprecipitated with anti-HA. Co-precipitated endogenous p53 and Myc-Axin were detected with DO-1 and anti-Myc antibody, respectively. (F) Endogenous p53 forms a complex with Axin and HIPK2. Immunoprecipitation was carried out with DO-1. Axin and HIPK2 were detected with anti-HA and anti-Myc, respectively.
carrying an Mdm2 promoter. Axin activated the p53-dependent gene transcription using the p53-Luc reporter and Mdm2 reporter in a dose-dependent manner in 293 cells (Figure 4A and F) . We then transfected into 293 cells with Axin constructs lacking the HIPK2-binding site (Axin-M3), direct p53-binding site (Axin-M4), or both HIPK2-and p53-binding sites (Axin-M9), to assess their contribution to the activation of p53 transcriptional activity ( Figure 4B ). The Axin-M8 deletion mutant that contains both the p53-and HIPK2-binding sites was also included for comparison. Deletion of the HIPK2-binding site rendered Axin almost completely incapable of activating p53, whereas Axin lacking its p53-binding site retained partial activity presumably contributed by the HIPK2-bound p53, and Axin-M8 activated the reporter as effectively as did the wild-type Axin ( Figure 4B ). The p53 dominant-negative mutant p53-R175H blocked Axinmediated p53-dependent reporter activity ( Figure 4C ). In contrast, in the p53 null H1299 and SaOS-2 cells, the dosedependent activation of these reporters by Axin was not seen unless the wild-type p53 was cotransfected, indicating that Axin activates the reporter genes through p53 ( Figure 4D and E). In agreement with the previous observation, we did not see any activation of the p21 reporter by HIPK2 in H1299 cells (D'Orazi et al, 2002) , or Axin in any of the cell lines tested (data not shown). It is also noteworthy here that we could not detect any activation of the reporters by Axin in 293T cells, in which the SV40 large T-antigen binds to p53 in the DBD and blocks its interaction with DNA. The observation with 293T cells therefore also suggests that Axin requires functional p53 to enhance the reporter activity. Kinase-dead HIPK2 and HIPK2 siRNA reduced Axin-mediated stimulation of p53 transcription To evaluate the functional relationship between Axin and HIPK2 in the activation of p53 transcriptional activity, the p53-dependent reporter was cotransfected in different combinations with Axin, HIPK2, kinase-dead HIPK2 (K221R), pSUPER-HIPK2, and pSUPER-Axin (for efficiency of the pSUPER constructs, see Supplementary Figure 5 ) as indicated in Figure 5 . Axin and HIPK2 synergistically stimulated p53-dependent reporter activity ( Figure 5A ). The HIPK2 mutant K221R retarded the Axin-mediated p53-dependent reporter activation ( Figure 5B ). Similarly, siRNA against HIPK2, but not the control siRNA, diminished the Axin-mediated p53 transcriptional activation ( Figure 5C ). Conversely, specific knockdown of Axin by pSUPER-Axin also diminished HIPK2-mediated p53 stimulation ( Figure 5D ). Intriguingly, AxinDHIPK2 (M3) defective in binding to HIPK2 could abolish HIPK2 stimulation of p53 transcriptional activity ( Figure 5E ), possibly due to depletion of p53 and other factors required for HIPK2 normal function. These data indicated that Axin and HIPK2 are mutually dependent in the stimulation of p53 transcriptional activation. However, removal of the Axin-binding domain of HIPK2 (HIPK2DAxin) did not lose but rather enhanced its ability to stimulate p53 transactivation of target genes ( Figure 5F ), indicating that the Axinbinding domain in HIPK2 may exert an autoinhibitory function when not bound by Axin. In line with the data in the transcriptional activity assay, HIPK2DAxin is fully active in 
Axin activates HIPK2 phosphorylation of p53 at Ser 46
It has been shown that the nuclear kinase HIPK2 can phosphorylate p53 at Ser 46 (D'Orazi et al, 2002; Hofmann et al, 2002) . We examined whether Axin stimulates p53 by increasing HIPK2-mediated p53 phosphorylation. We transfected Myc-p53 together with or without Axin into H1299 cells and carried out immunoblotting analysis with anti-phospho-Ser 46 antibody following immunoprecipitation of p53. As shown in Figure 6A , with increasing levels of Axin, Ser-46 phosphorylation was gradually increased. In the presence of both Axin and HIPK2, p53 Ser-46 phosphorylation was further increased, indicating that Axin and HIPK2 can cooperatively mediate the phosphorylation ( Figure 6B ). In contrast, Axin had no effect on Ser 15 or Ser 20 phosphorylation (data not shown), in agreement with the previous observations that HIPK2 did not enhance phosphorylation of p53 at these sites (D'Orazi et al, 2002; Hofmann et al, 2002) . The requirement of HIPK2 for Axin to stimulate p53 phosphorylation was confirmed by the observation that in the presence of siRNA against HIPK2, Axin failed to increase p53 phosphorylation ( Figure 6C ).
We then addressed whether Axin played a role in the UVinduced Ser-46 phosphorylation by HIPK2. As expected, UV treatment increased Ser-46 phosphorylation as well as p53 total level in MCF-7 cells ( Figure 6D ). Specific knockdown of the endogenous Axin by siRNA drastically attenuated UVinduced phosphorylation at Ser 46 in response to UV treatment ( Figure 6D) .
Based on the transcriptional activity assay, we found that when the Axin-binding domain of HIPK2 was removed, the mutant HIPK2DAxin is even more active than its wild type, which pointed to an interesting possibility that the Axin-binding domain is an autoinhibitory domain. We therefore also measured the ability of HIPK2DAxin to phosphorylate p53 at Ser 46, showing that HIPK2DAxin had slightly higher activity toward p53 phosphorylation ( Figure 6E ). Consistently, when assayed in vitro using bacterially expressed p53 as substrate, immunoprecipitated HIPK2DAxin also exhibited higher kinase activity (Supplementary Figure 6) .
As Axin contains two sites for p53 association, we then determined which one is important for Ser-46 phosphorylation. Axin-M4, which can bind to HIPK2 but lacks the N-terminal direct p53-binding site, retained the ability to enhance Ser-46 phosphorylation, in agreement with the Figure 6F ). However, p53 phosphorylation at Ser 46 induced by Axin-M4 was reduced by about half, suggesting that the other p53 pool bound directly to Axin could be phosphorylated by HIPK2. Indeed, when both the HIPK2-binding site and the N-terminal direct p53-binding site in Axin were removed, the double mutant of Axin (M9) completely lost its ability to stimulate p53 phosphorylation. It is to be noted that the previous study with an HIPK2 mutant lacking its C-terminal region (HIPK2Daa865-1096) that included the Axin-binding domain showed that the mutant failed to phosphorylate p53 (D'Orazi et al, 2002). We reasoned that the discrepancy between our data with HIPK2DAxin (Daa935-1050) and the data obtained with HIPK2Daa865-1096 is caused by the fact that HIPK2Daa865-1096 could neither phosphorylate HIPK2-bound p53 nor the Axin-bound p53. For this purpose, we first constructed fine deletion mutants and found that the HIPK2's p53-binding site resides within the PEST domain around aa 839-934, which is N-terminal to the Axin-binding site. As expected, when only the p53-binding site was removed, HIPK2Dp53 retained its activity to phosphorylate p53 ( Figure 6G ), which was likely derived from the Axin-bound p53, as HIPK2Dp53/DAxin defective in binding to Axin and p53 failed to enhance p53 phosphorylation ( Figure 6G ).
Axin-mediated cell death requires exogenous p53 in H1299 cells
We and others have previously shown that Axin overexpression leads to cell death in hepatocarcinoma cells and in immature thymocytes (Satoh et al, 2000; Hsu et al, 2001) . Our current finding that Axin strongly interacts with p53 and its regulator HIPK2 prompted us to determine whether Axin causes apoptosis through functional interaction with HIPK2 as well as p53. Strikingly, in H1299 cells lacking p53, Axin did not induce apoptosis. However, when wild-type p53 was reintroduced into H1299 cells, Axin could further induce apoptosis to a greater extent than in the presence of p53 alone ( Figure 7A ). Domain requirements of Axin for induction of apoptosis were determined by transiently transfecting Axin, Axin-M3, Axin-M4, Axin-M8, or Axin-M9 into 293 cells ( Figure 7B ). The results showed that all of the Axin deletion mutants had reduced ability to induce apoptosis in the cells except Axin-M8, which contains both the p53-and HIPK2-binding sites, indicating that each of the p53 interacting domains is required for maximal induction of p53-dependent apoptosis. When pSUPER-p53 (Supplementary Figure 5) was introduced into HEK 293 cells to decrease the endogenous p53 levels, apoptosis rate induced by Axin was significantly reduced ( Figure 7C ). This effect was not seen with the control siRNA. Consistently, p53-R175H diminished Axin's ability to induce apoptosis in 293 cells ( Figure 7D ). Next, we asked if pSUPER-Axin could reduce UV-induced apoptosis in U2OS cells as compared to control siRNA ( Figure 7E ). The results show that knockdown of Axin significantly reduced apoptosis rate after UV treatment. We also performed colony formation assays in HEK 293, U2OS, SaOS-2, and H1299 cells following transient transfection of the empty vector alone, Axin, and Axin-M9. In 293 and U2OS cells, consistent with the data derived from the apoptosis assays, overexpression of Axin resulted in sparse colonies ( Figure 7F ). The Axin mutant Axin-M9 defective in binding to p53 and HIPK2 did not reduce the number of formed colonies compared to the vector control. P53 dependence of Axin-induced apoptosis was further confirmed by the similar numbers of colonies formed upon transfection of either wild-type Axin or its mutant Axin-M9 in SaOS-2 and H1299 cells.
Discussion
In the present work, we provide lines of evidence that Axin, a critical regulator of Wnt signaling, is a scaffold protein for assembly of multimeric protein complex consisting of HIPK2 and p53. We showed that at physiological concentrations, Axin associates with p53 in two ways: one through HIPK2 and the other through direct interaction via a separate domain. Using a combination of deletion mutants and specific siRNAs, we found that Axin mirrors HIPK2-mediated p53 activation in several ways. First of all, Axin stimulates Ser-46 phosphorylation of p53. Second, Axin selectively enhances p53-dependent transcription of target genes, pointing to the possibility that Axin and HIPK2 both preferentially participate in p53-induced apoptosis in tumor suppression. Third, Axin and HIPK2 depend on each other for activation of p53, ultimately enhancing p53-dependent gene transcription and apoptosis. The Axin-mediated enhancement of p53-dependent transcriptional activity and apoptosis is physiologically relevant, as Axin fails to exert these roles in p53-deficient cells including 293T, H1299, and SaOS-2 cells, and specific knockdown of Axin reduced UV-induced apoptosis and Ser-46 phosphorylation of p53.
Mechanism of Axin stimulation of p53 phosphorylation
Axin appears to exert a scaffolding role in mediating HIPK2 phosphorylation of p53. First of all, Axin physically interacts with HIPK2 as well as p53. This brings HIPK2 to the proximity of p53, which is contributed from two pool: one associated with HIPK2 and the other from the direct binding site in Axin. It was previously reported that a deletion mutant of HIPK2, HIPK2D865-1096, defective in p53 binding failed to stimulate p53 (D'Orazi et al, 2002) . We have fine-mapped the p53-binding domain in HIPK2 to the region of aa 839-934 N-terminal to the Axin-binding site (aa 935-1050; Figure 2B ), and constructed a deletion mutant with only aa 839-934 removed (HIPK2Dp53). HIPK2Dp53, which is defective in binding to p53 but retains its ability to bind to Axin, could still stimulate p53 function as assayed for both Ser-46 phosphorylation and transcriptional activity ( Figure 6G , and data not shown). It can now be explained that HIPK2D865-1096 loses its ability to activate p53 because it cannot get access to either pool of p53 normally bound to the Axin complex. Similarly, HIPK2Dp53 could still stimulate p53 because it can still bind to the endogenous Axin and activate the Axinbound p53.
The second aspect of Axin function in the stimulation of p53 is to physically occupy the region around aa 935-1050 that might otherwise be an autoinhibitory domain of HIPK2 kinase activity, reminiscent of many kinases in their inactive state. This conjecture is supported by our finding that removal of the Axin-binding region of HIPK2 (mutant HIPK2DAxin) is constitutively active in p53 stimulation. More importantly, knockdown of the endogenous Axin by Figure 6 Axin stimulates HIPK2-mediated p53 phosphorylation at Ser 46. (A) Axin stimulates p53 phosphorylation in a dose-dependent manner. Increasing amounts of HA-Axin were transfected in H1299 cells together with Myc-p53, and as an internal control GFPexpressing vector pEGFPN1. Cell lysates were immunoprecipitated with anti-Myc antibody, followed by Western blotting with anti-p53 (FL393), anti-HA (Axin), anti-phospho-Ser 46-p53, and anti-GFP. (B) H1299 cells were transfected with HA-Axin, Flag-HIPK2, Mycp53, and GFP-expressing vector pEGFPN1 as indicated. Cell lysates were immunoprecipitated with anti-Myc antibody. The immunoprecipitates and total cell lysates were then analyzed by immunoblotting separately using anti-p53 (FL393) for p53, anti-HA for Axin, anti-Flag for HIPK2, anti-phospho-Ser 46 for the level of Ser-46-phosphorylated p53, and anti-GFP that serves as a control for similar transfection efficiency. (C) HIPK2 siRNA diminished Axininduced p53 phosphorylation. Axin was cotransfected with or without pSUPER-HIPK2 as indicated to assess the effect of siRNA against HIPK2 on p53 phosphorylation at Ser 46. (D) pSUPER-Axin or pSUPER empty vector was cotransfected into MCF-7 cells; after 24 h, cells were treated with ultraviolet at 50 J/m 2 . Cells were lysed at 10 h post-treatment and p53 was immunoprecipitated by anti-p53 (DO-1), followed by Western blotting with anti-phospho-Ser 46 and anti-p53 (FL393). (E) HIPK2DAxin is more potent in p53 phosphorylation. Wild-type HIPK2 or HIPK2DAxin defective in Axin binding was cotransfected with Myc-p53 into H1299 cells. P53 was immunoprecipitated with anti-Myc antibody and probed with anti-phospho-Ser 46 to assess the levels of phosphorylated p53. (F) PhosphoSer-46 p53 is contributed by p53 bound to both Axin and HIPK2. HA-Axin, HA-Axin-M4, HA-Axin-M9, Myc-p53, Myc-p53-S46A, and pEGFPN1 were transfected into H1299 cells as indicated. Cell lysates were immunoprecipitated with anti-Myc antibody. The immunoprecipitates and total cell lysates were then analyzed by immunoblotting separately using anti-p53 (FL393) for p53 and p53-S46A, anti-HA for Axin proteins, anti-phospho-Ser 46-p53, and anti-GFP. (G) HIPK2 mutants lacking both p53-binding and Axin-binding sites failed to phosphorylate p53. Wild-type HIPK2, HIPK2Dp53, or HIPK2Dp53/DAxin was cotransfected with Myc-p53 into H1299 cells to determine the ability to phosphorylate p53. siRNA abolished HIPK2-mediated p53-dependent transcriptional activity or UV-induced p53 phosphorylation at Ser 46. Based on our current findings, together with data obtained by the previous studies, we propose that the kinase domain (KD) of HIPK2 is normally marked by its Axin-binding domain (AD). When bound to Axin, HIPK2 kinase is activated and phosphorylates p53 bound to both HIPK2 and Axin, ultimately enhancing p53-dependent apoptosis (Figure 8 ).
Axin as a tumor suppressor
Axin has been suggested to be a tumor suppressor for many reasons. In Wnt signaling, Axin plays a central role in the control of the oncogenic protein b-catenin by acting as a scaffold for the APC/GSK-3b/CKIa degradation complex (Liu et al, 2002) . Importantly, Axin mutations have been found in primary cancer cells and introduction of wild-type Axin into the cancer cells could lead to cell death (Satoh et al, 2000; Hsu et al, 2001) . Moreover, high levels of programmed cell death occurred in the thymus and spleen of transgenic animals overexpressing Axin (Hsu et al, 2001 ). In the present study, we have provided strong evidence to suggest that Axin stimulates p53, facilitating p53-mediated transcriptional activity and apoptosis. A number of cellular stresses including genotoxic agent, hypoxia, and hyperproliferative signals can activate p53 to stimulate target gene expression. To achieve its role in tumor suppression, activated p53 seems to trigger two separable, albeit not mutually exclusive, pathways: one to induce p21 for cell cycle arrest (el-Deiry et al, 1993) and the other to induce proapoptotic factors such as Bax and Puma (Miyashita and Reed, 1995; Nakano and Vousden, 2001; Attardi and DePinho, 2004) . Axin and HIPK2 may preferentially trigger the apoptosis pathway but not the G1 cell cycle arrest pathway. First of all, neither Axin (data not shown) nor HIPK2 could stimulate the promoter activity of p21 (D'Orazi et al, 2002) , levels of which correlate with cell cycle arrest. Consistently, even after repeated attempts, no G1 arrest was detected in cells overexpressing Axin. On the contrary, Axin rapidly induces cells to undergo nuclear condensation, leading to apoptotic cell death. It has been reported that activated p53 or overexpression of p53 downregulates b-catenin in human and mouse cells, which is apparently mediated by ubiquitin-proteasome system (Sadot et al, 2001 ). This raises another intriguing possibility that Axin may act to decrease cellular levels of b-catenin through stimulation of both abundance and transcriptional activity of p53, in parallel to its scaffolding role for b-catenin degradation by APC/GSK-3b/b-TrCP system. How Axin links its ability to activate p53 to b-catenin downregulation awaits further studies.
In the future, it would be interesting to study whether Fused mice have a higher rate of cancer formation. The Fused mice express, in addition to the normal mature Axin transcript, an aberrant splice form caused by the inserted intracisternal A particle (IAP) transposable element. This aberrant transcript would encode a protein lacking the C-terminal portion that does not contain the HIPK2-binding site as well as the DIX domain. This truncated protein therefore may not have adverse effects on Axin function in the regulation of p53 function and, in particular, it is not present in high abundance .
In sum, we have provided compelling evidence that Axin is an integrating factor for p53 and its regulators such as HIPK2. Considering Axin is a multidomain scaffold binding to a wide array of proteins from many signaling pathways, our finding will expand avenues to understand the functions of p53 as both a tumor suppressor and a developmental regulator.
Materials and methods
Yeast two-hybrid screen Screening for novel proteins that interact with the C-terminal portion of mouse Axin was carried out with the MATCHMAKER GAL4 Two-hybrid System 3 (Clontech), as previously described (Rui et al, 2002) . Briefly, Axin C-terminal 145 aa was inserted into the bait vector pGBKT7 and transformed into the yeast strain AH109, followed by mating with yeast Y187 cells pretransformed mouse brain cDNA library.
Plasmid construction
Various constructs of Axin were generated according to standard molecular techniques, and numbering of amino-acid positions was based on the mouse short alternative form as previously described (Zhang et al, 1999) . Full-length cDNA encoding HIPK2 was obtained by fusion of EST clones. Point mutations of HIPK2 and p53 were generated by a PCR-based site-directed mutagenesis method using Pfu polymerase (Stratagene). All the fragments generated by PCR were subjected to sequencing verification. Deletion mutants were created by PCR reaction to obtain DNA fragments followed by fusion to native flanking DNA fragments. The details of the primer sequences used for point mutations and deletion mutations are available upon request.
Cell culture and transient transfection HEK 293, HEK 293T, SaOS-2 (purchased from ATCC), U2OS, MCF-7, and H1299 cells were maintained in RPMI 1640 medium, with 10% fetal bovine serum, 100 IU penicillin, and 100 mg/ml streptomycin. Transfections were performed in 60-mm dishes using DOSPER liposomal transfection reagent (Roche Molecular Biochemicals) according to the manufacturer's instructions.
GST pulldown assay
The GST-Axin and GST-p53 were expressed in BL21 bacterial cells transformed separately with pGEX bacterial expression plasmids that contain full-length Axin and p53, respectively, and were purified using glutathione-agarose beads (Sigma). Expression was induced with 1 mM IPTG for 4 h at 371C. Approximately 4 mg of GST fusion protein bound to agarose beads was added to each total lysate from 293T cells, and incubated for 3 h with gentle rotation. The beads were washed three times with cell lysis buffer, and the proteins were eluted with 2 Â SDS sample buffer.
Co-immunoprecipitation and Western blotting
Cell lysates were prepared as previously described (Zhang et al, 1999) . Antibodies used include anti-HA (F-7), anti-Myc (9E10), anti-HIPK2 (C-15), DO-1 antibodies (Santa Cruz Biotechnology Inc.), and our newly raised anti-Axin antibody. For the analysis of p53-phospho-Ser 46, Myc-p53 was cotransfected into H1299 cells separately with different Axin constructs. After immunoprecipitation with the anti-Myc antibody, Western blot analysis was performed with the anti-phospho-Ser 46 antibody (Cell Signaling Tech.).
Two-step co-immunoprecipitation
Two-step co-immunoprecipitation was performed essentially according to the procedures described by Harada et al (2003) . Briefly, six 60-mm dishes of 293T cells were transfected with HA-HIPK2 (3 mg) and Myc-Axin (1 mg). For the control of the first immunoprecipitation, the HIPK2 lacking the HA-tag was used. At 36 h after transfection, the cells were lysed with LSLD buffer, sonicated briefly, and centrifuged. The supernatant was incubated with anti-HA antibody bound to Protein A/G-agarose beads for 2 h at 41C. The beads were washed with lysis buffer (50 mM HEPES, pH 7.5, 0.2 mM EDTA, 10 mM NaF, 0.5% Nonidet P-40, and protease inhibitor cocktail tablets (Roche Applied Science)) containing 150 mM NaCl three times, and the HA-HIPK2 protein complex was eluted with 300 ml of lysis buffer containing 250 mM NaCl and (HA-tag) 3 peptide (250 mg/ml) for 2 h at 41C. The second immunoprecipitation was performed using 150 ml of eluate from the first immunoprecipitation and 350 ml of lysis buffer containing 464 mM NaCl and 10 ml of purified anti-Axin antibody or control IgG followed by addition of Protein A/G-agarose beads.
Figure 8 A simplified model depicting mechanistic roles of Axin in stimulation of HIPK2 kinase activity. HIPK2 on its own is inactive as its kinase domain (KD) is occupied by the Axin-binding domain (AD), which is a putative autoinhibitory domain. When bound to Axin, the kinase domain (KD) of HIPK2 becomes activated and is accessible to the substrate p53, which is from two pools: one directly associated with Axin and the other bound with HIPK2 itself. Activated HIPK2 phosphorylates Ser 46 of p53.
